A certain fragment of the mitochondrial gene CO1, coding for a subunit of the enzyme cytochrome oxidase, has risen to remarkable prominence in recent years. It became widely known and used as "the DNA barcode" for the identification of animal species. What makes this sequence particularly suitable for such tasks is the fact that it varies a lot between species and very little between the individuals of a given species. This so-called barcode gap is evident, for instance, between humans and chimpanzees, where there are around 60 differences between our closely related species, while two humans picked at random will never diverge in more than two positions of the sequence.
The origin of this phenomenon is still unclear, but it is probably due to the complexities of mitochondrial genetics. Even though the mitochondrial genome is inherited asexually, being passed down in the maternal line only, there are interactions with the much larger nuclear genome making matters complicated. Cytochrome oxidase, for instance, is an oligomer incorporating subunits encoded in the nuclear DNA along with those encoded in the mitochondrial DNA. If a mutation in the barcode sequence CO1 means that this subunit doesn't interact with the nuclear-encoded subunits in the way it should, then a compensating mutation in the nuclear genome may be required -or vice versa.
Based on these complexities, some researchers have even suggested that the barcode gap isn't just a symptom of species diversity, but a driver of species separation. However, this hypothesis remains unproven and controversial. While one could debate whether for a given species comparison one genetic tag might be more suitable Feature than another, the strength of the barcode idea is partially a cultural one, as the agreement on a standard genetic marker facilitates large, database-supported projects in a broad range of fields, from conservation through to fraud prevention wherever there is a need to identify and classify species.
Barcoding animals
The use of the CO1 barcode in taxonomy is already well established in the study of animals. For instance, Andrei Sourakov from the University of Florida at Gainesville and Evgeny Zakharov at the University of Guelph (Ontario, Canada), have used this approach to clarify the taxonomic relations among the Caribbean butterflies of the genus Calisto, by sequencing barcodes associated with 31 separate putative taxa, which the authors describe as "often highly cryptic and confusing" (Comparative Cytogenetics (2011), 5, 191-210) . The effort resulted in a taxonomic revision, with the genus Calisto now comprising 34 species and 17 subspecies.
The Consortium for the Barcode of Life (CBOL; www.barcodeoflife.org), Analysis of short, species-specific sequences known as DNA barcodes has become a widespread practice in biodiversity and ecological research, and also finds practical applications from trade control to biomedicine. One of the challenges is to ensure that the molecular information is reliably linked to physical specimens in collections. Michael Gross reports.
Barcoding biodiversity
Spot check: Dozens of very similar butterfly species from the Calisto genus are endemic in the Caribbean: left, C. hysius; right, C. obscura. Their taxonomy has been clarified with the help of DNA barcoding. (Photo: Andrei Sourakov.) with more than 200 member organisations from more than 50 countries, works to develop DNA barcoding as a global standard for species identification and campaigns to promote and publicise its application. CBOL holds international conferences every two years, most recently at Adelaide, Australia, in November-December 2011.
Practical applications highlighted at the conference ranged from the notorious fish fraud in the US, where cheap fish species were sold under the label of more expensive ones, through to the analysis of the blood meal of the African tsetse fly (which transmits trypanosomiasis or sleeping sickness) to identify intermediary hosts. Barcoders aim to compile a comprehensive library of 10,000 insect species that are detrimental to human lives: 3,000 mosquito, 1,000 sandfly, 2,000 blackfly, 2,000 flea and 1,000 tick species.
The US fish fraud made headlines when it was uncovered in 2008 by two US school girls who sent samples of their numerous sushi dinners off to a university lab to be barcoded. They found that a quarter of the fish samples that contained analysable DNA had been sold under a wrong species name, with cheap fish often being mislabelled as a more expensive species like white tuna or snapper. Extensive DNA analyses conducted since then have uncovered many further examples of fish fraud in the US and in other countries.
Barcodes are also being used in the supervision of the ornamental fish trade, an industry that sells around one billion fish per year, affecting 4,000 marine and 1,400 freshwater species. Molecular analysis can help to prevent illegal trade in protected species.
The Barcode of Life database already contains around 170,000 species, including 60,000 butterflies and moths. In a globally coordinated effort, the researchers aim to expand that database to 500,000 species within five years, many of which will come from museum collections.
Behind the scenes at the museum In fundamental science, the main impact of barcoding is likely to be in taxonomy and biodiversity studies. "DNA barcoding techniques have revealed hidden diversity within traditional taxonomic species, and are providing high-resolution phylogenies able to answer fundamental questions about the evolution of ecological communities. When faced with thousands of trees in hundreds of species in a tropical forest plot, the ability to rapidly gain an understanding of the diversity and evolutionary relationships among those trees is highly attractive," says Dan Bebber from the Earthwatch Institute. "However, the careful cataloguing of properly-annotated specimens in museums and herbaria remains a core task in understanding biological diversity," Bebber says.
Nicolas Puillandre and coworkers at the Museum National d'Histoire Naturelle (MNHN) at Paris have recently outlined the organisational difficulties that large specimen collections like the MNHN are facing in this respect and published a detailed account of how their institution addresses these problems in the context of the Marine Barcode of Life (MarBOL) project (Molecular Ecology Resources (2012) A key problem is that two cultures have traditionally existed separately in biology: specimens in museums were sometimes preserved in ways that don't benefit the preservation of DNA, while, conversely, DNA samples may be taken in the field without proper preservation of the specimen. The authors emphasise that all taxa are in essence hypotheses, which implies that the scientists who put these forward have to ensure that the materials on which the hypotheses are based remain accessible for future reassessments.
To address these problems, researchers at the MNHN have developed an integrated workflow for molluscs and crustaceans incorporating both classical taxonomic identification and DNA analysis. Animals collected in the field are stored in ethanol and then individually linked to a unique identifier (either in the field or back in the laboratory), such as MNHN/ IM/2007-30551, which includes references to the storage institution, the acronym IM for molluscs, the year when the specimen was processed, and finally a sequential number. Under this catalogue number, all information relating to this specimen will be retrievable online from the database INVMAR.
Back in Paris, expert taxonomists will identify the species using classical morphology, while the associated DNA samples will be sequenced. "All the information associated to the voucher, from the field to the sequencing and the publication, are stored in the MNHN databases," explains Nicolas Puillandre, lead author of the study. "Traditional and molecular taxonomy are combined in an integrative approach to propose robust 
Plant biodiversity and benefits
While the use of CO1 as a barcode for animals and algae is already a well-established standard, this sequence seems to be less suitable for the distinction of land-living plant species, as it is less variable between species, and there is thus a smaller gap separating species differences from the variability between individuals. A CBOL working group focusing on plants has therefore conducted a systematic search for alternative sequences that can be used for all land plants. The search has mainly focused on the small residual genome of chloroplasts, which is similar to the mitochondrial genome in some respects.
A large-scale comparative study of the suitability of seven DNA segments from the chloroplast genome using 907 samples from 550 plant species showed that the genes matK and rbcL, as well as the noncoding sequence trnH-psbA most closely matched the criteria set for an ideal barcode sequence. Specifically, apart from being able to distinguish between species, the perfect barcode sequence should be accessible to PCR amplification with the same standardised set of primers in all species of interest, and it should be easy to sequence in both directions. As none of the sequences alone fulfilled these criteria perfectly, the CBOL working group made a majority decision to recommend the genes matK and rbcL as a joint barcode for land plants (Proc. Natl. Acad. Sci. USA (2009), 106, 12794-12797).
As with the animal barcoding, the plant barcoding projects have found a broad range of applications. One of the uses highlighted by the organisers of the Adelaide conference concerns the diet of the around one million wild camels roaming the Australian wilderness. The descendents of camels introduced in the 19th century as pack animals notoriously devour some 80% of the plant species in their habitat. By analysing their dung, barcoders can get a precise picture of what is on the camels' menu, and can thus anticipate which species may be threatened by the voracity of this expanding population. Conference organizer David Schindel, Executive Secretary of the CBOL, based at the Smithsonian Institution, Washington, D.C. said: "Biologists used to sit and wait and watch to learn how food webs work in Nature and what happens when they collapse. Now they can process stomach contents and dung samples to get the complete picture in a few hours."
Meanwhile, on the opposite side of the planet, botanists enthusiastically barcode the flora of Wales. "At the National Botanic Garden of Wales, working with the National Museum Wales, we have DNA barcoded all of the native Welsh flowering plants and conifers, representing the most complete coverage of any national flora to date," explains Natasha de Vere, Head of Conservation and Research at the National Botanic Garden. "The ability to identify species is fundamental if we are to conserve and also benefit from the biodiversity around us. We can use DNA barcoding to identify species from the tiniest fragment of material or within mixtures or processed samples, the applications are only limited by our imaginations," de Vere says.
Beyond the mere knowledge of plant biodiversity, there is also the promise of biomedical benefits to be gained from such studies. "For example, we are working with the Welsh School of Pharmacy at Cardiff University to investigate the medicinal properties of honey. Honey samples collected from throughout the UK are being tested for their ability to control the hospital acquired infections MRSA and Clostridium difficile. We will then DNA barcode the honey to find out what plant species the bees visited to make it. We hope to use this to pinpoint phytochemicals donated by the plants that contribute to the honey's antimicrobial activity," de Vere concludes.
Barcodes for everything
As with land plants, researchers have struggled to identify a suitable sequence for fungi. Only last December, at the close of the Adelaide conference, was an official recommendation made to use the ITS sequence, an internal transcribed spacer in the genes for ribosomal RNA that is edited out during rRNA maturation. The sequence has already been widely used in molecular phylogenetics and taxonomy and is believed to be one of the Wild camels: The appetite of one million wild camels roaming the Australian wilderness may threaten plant species. With DNA barcoding techniques, researchers have examined the camels' feeding habits. (Photo: Nick Neagle, Department of Environment and Natural Resources, South Australia.) most extensively analysed fungal sequences.
As there are now barcode sequences covering all kingdoms of multicellular life, and taxonomists in museums are working hard to keep the molecular information connected to the traditional repositories and species definitions, barcodes offer the opportunity to expand species identification to situations where skilled taxonomists may not be at hand.
"As anyone who's been on a walk with a taxonomist knows, their ability to rattle off the names of the plants and animals they see along the trailside is so impressive as to seem almost magical. That ability, and the knowledge that underpins it, is the result of many years if not decades of intensive, highly specialized study, and, as a result, it's extremely rare," says Karen James from the Mount Desert Island Biological Laboratory, in Maine, US. "DNA barcoding is a tool for amplifying taxonomic expertise. Combined with the growing popularity of citizen science (i.e. public participation in scientific research), DNA barcoding could enable a large number of non-experts, spread around the world, to participate in understanding and conserving the diversity of life." What turned you on to biology in the first place? In school it was a pure curiosity about life in nature: what it is, how it all started and what controls the cell from inside? When I decided to study medicine I was mostly attracted to the molecular basis of cellular processes and what goes wrong during disease progression.
Did your career take a turn at some point -if so, what was it and why did you make it? After finishing medical school I met Joseph Schlessinger. He offered me the opportunity to join his lab in New York studying protein tyrosine kinase signaling. I was an inexperienced young medical doctor at the time, but I felt that turning to molecular biology would more greatly satisfy my curiosity than clinical medicine. Moreover, it was a great opportunity to work with this brilliant scientist. I had to struggle a lot in the beginning but I have no regrets about the decision.
